Abstract: This paper presents the results of a full-scale field test program of driven timber displacement piles for the purpose of densification of loose, potentially liquefiable sands and silty sands. Both conventional and experimental timber piles fitted with prefabricated drains to help densify contractive soils during pile installation were assessed in this study. The piles were installed in groups with center-to-center spacing of two to five pile head diameters. Measurements of cone penetration tests (CPTs) revealed the variation of postinstallation increases in penetration resistance with decreases in pile spacing. Additionally, long-term measurements showed that pile spacing-dependent reductions in cone penetration resistance following installation can occur, which have been attributed to relaxation of horizontal stresses. Rough relationships between the average area replacement ratio and change in corrected cone tip resistance were developed. Pre-and postimprovement standard penetration tests conducted in each of the treated zones confirmed the long-term degree of densification noted using the CPT. Measured pre-and postinstallation shear wave velocities indicated that the soil fabric of the previously aged sands was effectively destroyed and that a reduction of small strain stiffness is possible in tandem with densification. The experimental findings in this paper may be broadly applied to displacement piles constructed of materials other than timber.
Introduction
The use of stiff, discrete column ground improvement is widely accepted for the mitigation of short-term, construction-induced, or long-term, liquefaction-induced global instability below embankments, bridge abutments, and other structures (Schaefer and Berg 2014) . Examples of discrete columns that are installed to provide reinforcement, though without the benefit of densifying contractive soils, include drilled piles, deep soil mixed columns, or jet-grout columns (e.g., Collin et al. 2005; Filz et al. 2012; Rayamajhi et al. 2014 Rayamajhi et al. , 2015 . On the other hand, stiffened, discrete columns such as driven displacement piles (e.g., Robinsky and Morrison 1964; Mitchell 1968) ; sand compaction piles (e.g., Kitazume 2005) ; vibroreplacement (i.e., stone columns; e.g., Dobson 1987; Mitchell et al. 1995) ; and drilled displacement piles (Siegel et al. 2007a, b) may offer the benefit of densifying loose soils, in addition to reinforcement. The vibroreplacement ground improvement technique appears to be the only current alternative that is able to achieve some level of densification, reinforcement, and drainage, the latter of which is possible if substantial mixing of native fines with the imported aggregate can be avoided (i.e., if the hydraulic conductivity of the stiffened column will not be significantly reduced (Baez 1995; Boulanger et al. 1998) . Where the fines content of potentially liquefiable soil is relatively high, installation of stone columns between prefabricated vertical drains (PVDs) has been shown to result in significant increases in densification of silty sands and sandy silts as compared to the use of stone columns alone (Rollins et al. 2006 (Rollins et al. , 2009 . However, the use of multiple ground improvement methods on the same site can be costly and inefficient, as two separate pieces of equipment must be mobilized and the schedules of specialty contractors must be coordinated. The development of single-equipment technologies that can function in multiple improvement modes (e.g., densification, drainage, and reinforcement) is therefore desirable.
The contractive response of loose, clean granular soils to displacement pile installation has been recognized for some time (Robinsky and Morrison 1964) . Meyerhof (1959) and Broms (1966) have shown that installation of piles in loose sand resulted in some degree of densification up to 3.5 to 6 pile diameters away from the pile. Unfortunately, little research has been performed concerning the magnitude and distribution of densification around displacement piles since then, particularly with regard to the influence of fines content on densification. Holtz and Boman (1974) described a case of PVDs fixed to timber piles used to reduce driving-induced positive excess pore pressures generated within a soft clay deposit to stabilize a failing slope adjacent to a bridge construction site. Piezometers indicated that the use of a single PVD per timber pile resulted in up to 50% reduction in drivinginduced pore pressures relative to the conventional piles. The reduction in positive excess pore pressures resulting from soil contraction adjacent to a drained pile should occur in any soil where the hydraulic conductivity is sufficiently low, including liquefiable, silty sands, provided that the well resistance and discharge capacity of the drain are relatively low and high, respectively. This paper describes a field investigation conducted to evaluate the magnitude of densification of loose, clean and silty sands that is possible using groups of conventional and drained timber displacement piles. The subsurface conditions and preimprovement baseline, described next, was established using an in situ and laboratory test program. The experimental program developed to assess the magnitude, depth and radial distribution, and time rate of soil improvement is then presented and compared across the various pile spacings using cone tip resistance, standard penetration resistance, and shear wave velocity. The in situ tests showed that large increases in cone tip resistance are possible immediately following installation, but reductions attributed to relaxation of lateral stresses occurred over the 8-month duration of the experimental program. Nonetheless, the net increase in cone tip and standard penetration resistance were observed to be significant for those pile groups with smaller spacing. The installation of piles did not, however, result in significant increases in shear wave velocity, likely because of the destruction of the soil fabric of the aged, beach sand deposits during pile installation. Owing to their durability below the groundwater table and the performance described herein, it is shown that driven timber and other displacement piles are a suitable and potentially sustainable ground improvement alternative.
Geotechnical Characterization of Test Site

Location and Geologic Setting
The field investigation was conducted at a test site located in Hollywood, South Carolina, approximately 20 km west of Charleston and 20 km north of the Atlantic coast line. The ground surface elevation was approximately 7.5 m above mean sea level (NAVD88). The test site lies in the coastal plain stratigraphic unit, which was formed by alternating marine and fluvial deposition driven by rising and falling sea levels (Doar and Kendall 2014) . The soil layer of interest, potentially liquefiable beach sands, consists of Pleistocene age deposits (Maybin and Nystrom 1997) . Studies by McCartan et al. (1984) , Lewis et al. (1999) , and Hayati et al. (2008) have concluded that the beach sands in this region range from 70,000 to 200,000 years old, and therefore exhibit greater small-strain stiffness and resistance to liquefaction than recent deposits because of their age . The age of these sands contributes to the otherwise surprising observations in the change of shear wave velocity following treatment.
Baseline Conditions and Stratigraphy
A baseline subsurface exploration and laboratory test program was conducted to allow quantification of the magnitude of densification associated with installation of displacement pile ground improvement. The baseline test program consisted of piezocone penetration tests (CPTs), mud-rotary borings with standard penetration tests (SPTs) and energy measurement of split-spoon sampling, and downhole shear wave velocity, V s , tests. Fig. 1 presents the baseline in situ test program in relation to the initial concept for the field trial, which was to consist of four five-by-five pile groups (Zones 1 through 4) and one seven-by-seven pile group. Five CPTs were conducted in the center of each zone, at pile location one and locations six through nine (Fig. 1) ; downhole V s tests were conducted with a seismic CPT at pile location one in each zone. In order to minimize disturbance to the baseline in situ relative density of the liquefiable soil layer, only one boring was performed in each zone prior to pile installation (designated with even numbers in Fig. 1 ). Following the assessment of laboratory test data, described subsequently, the stratigraphy of the test site was determined as shown in Fig. 2 . A control zone, used to establish an appropriate charge quantity for blast-liquefaction testing, was located 20 m to the north of Zone 5 and explored with one boring and CPT (i.e., P-1, B-1), the results of which are also shown in Fig. 2 .
The stratigraphy at the test site consisted of a 2.0 to 2.5 m layer of loose to medium dense, clayey and silty sand fill (SM and SC), which includes residential housing debris (e.g., brick, wood, roofing shingles, etc.) generated following Hurricane Hugo in 1989. Underlying the fill is an 8.5 to 9.0-m layer of loose to medium dense, potentially liquefiable clean to silty sand (SP and SM), overlying a 1.0 to 1.5-m stratum of sandy clay (CH), and followed by a deposit of dense to very dense sand (SP). The corrected cone tip resistance, q t , and energy-corrected SPT blow counts (i.e., N 60 ) shown in Fig. 2 correspond to the conditions at the center of each zone (Fig. 1) . The stratigraphy across the site is relatively uniform, with significant variation in penetration resistance within a given stratigraphic unit; q t and N 60 ranged between approximately 1 and 10 MPa and 1 and 10 blows per 0.3 m, respectively, to a depth of approximately 12.5 m, whereupon q t and N 60 increased significantly in the dense to very dense sandy bearing layer. The groundwater table was approximately 2.5-2.7 m below the ground surface during baseline testing, but fluctuated seasonally over the 8-month duration of the experimental program.
Laboratory tests were performed on split-spoon samples retrieved from borings and included particle size analyses, moisture contents, #200 washes, specific gravities, minimum and maximum void ratio tests, and Atterberg limits where applicable. Fig. S1 in the Supplemental Data Appendix S1 shows the tests performed from samples of each boring, the sample depths, and selected test results. Fig. S2 presents the particle size distribution for the poorly graded, fine, clean, and silty sands in the potentially liquefiable layer depths of 2.5 to 11.0 m. The average D 50 and C u for the soils over these depths were equal to 0.18 and 1.8 mm, respectively, with ranges of 0.14-0.25 and 1.4-3.8 mm, respectively. The sand particles were characterized with average roundness and sphericity of (Youd 1973) .
Owing to the role of fines content, FC, on the degree of densification and triggering of liquefaction, FC was determined for each split-spoon sample using particle size analyses or #200 washes. In general, the sands were relatively clean, with FC ranging from 0 to 5% with numerous lenses of silty sand, samples for which a FC of 15-22% was typical. Soil samples were combined based on the retrieval elevation and measured FC to obtain the necessary mass of soil to perform minimum (e min ) and maximum (e max ) void ratio tests. Samples selected for evaluation consisted of a clean sand representative of depths of 3.1 to 6.1 m and 6.1 to 9.1 m with FC ¼ 2.3 and 3.8, respectively, and a representative silty sand sample with FC ¼ 16.8%. The fines fraction in the liquefiable layer consisted of nonplastic silt. The average e min and e max for the three representative samples, shown in Table 1 , were used to estimate the pre-and post-treatment relative density as described by Gianella et al. (2015) . Gianella (2015) determined that the CPT-based relative density correlation proposed by Mayne (2007) provided the best estimate of relative density, and this was also used to estimate the pre-and post-improvement relative density of the potentially liquefiable layer. Fig. S3 in the Supplemental Data Appendix shows that the baseline relative density in the target clean and silty sand layers ranged from 40 to 55%.
CPT-Based Fines Content Correlation for South Carolina Beach Sands
In order to estimate the fines content of the soil profile where gradation analyses were not performed, a site-specific FC correlation was developed using the soil behavior type index, I c . The soil behavior type index, proposed by Robertson and Wride (1998) , is equal to
where Q = normalized cone tip resistance, calculated by
and F = normalized sleeve resistance, given by 
where P a = atmospheric pressure; q c = cone tip resistance; σ vo and σ 0 vo = total and effective stresses; f s = sleeve friction; and n = exponent that varies between 0.5 and 1.0 for sands and clays, respectively. The measured FC for each split-spoon sample was compared to the average I c corresponding to the depth of split-spoon sample recovery and nearest CPT record. The initial (FC, I c ) pairs developed from the baseline data set are shown in Fig. 3 , along with an initial site-specific fines content correlation and FC correlations proposed by Robertson and Wride (1998) and Boulanger and Idriss (2014) . As indicated in Fig. 3 and noted by Robinson et al. (2013) , significant improvement in FC accuracy may be obtained by developing a site-specific fines content correlation.
In order to test the stability and accuracy of the initially developed site-specific FC correlation, additional FC tests were performed on SPT samples conducted 290 days following pile installation and paired with the representative I c . An updated site-specific FC correlation was developed to include both data sets using the functional form of the Boulanger and Idriss (2014) regression, given by
Although some differences between the initial and updated FC regression model are noted for FC > 20%, the fitted trends are relatively consistent and appear to substantiate the suitability of the functional form used and the fitted regression coefficients for a particular soil stratum. Fig. S4 presents the regression-based FC with depth against the measured FC for adjacent explorations and likewise shows relatively stability of the fitted regression models.
Field-Based Ground Improvement Test Program
Pile Installation and Materials
The timber piles were planned to be driven through the liquefiable soil layer and approximately 0.5 m into the bearing layer. Following South Carolina practice to allow access for pile caps, and to provide access to drill and CPT rigs at this site, the pile driving contractor elected to use standard 12.3-m piles that were driven approximately 0.7 to 1 m below grade to reach the target depth.
Owing to their taper, the area replacement ratio, a r , associated with timber piles varies with depth, and as such their dimensions must be established. Thus, the pile head and toe diameters of 33 randomly selected timber piles were measured to determine the typical pile geometry and a r . The average pile head and toe diameter were equal to 0.31 and 0.21 m, respectively, with standard deviations of 18 and 14 mm, respectively. The typical pile taper was equal to 8 mm=m (0.1 in:=ft). Drained piles were fabricated by fastening a conventional PVD in a U-shaped wrap starting at the pile head, folding the drain around the pile toe, and then returning the PVD back to the pile head diametrically opposite to the beginning point (Figs. S7-S11, Supplemental Appendix S2). The PVD used was 100 mm in width and 4.3 mm thick, and it was characterized with an apparent opening size and permittivity of 0.09 mm and 0.3 s −1 , respectively ( Fig. S8 and Table S2 , Supplemental Appendix S2). Further details of the drained piles are supplied in Supplemental Appendix S2.
The first 19 piles were driven with a Vulcan (Pile Hammer Equipment, Rising Fawn, Georgia) 06 air hammer (rated maximum energy of 26.4 kNm); the remaining 114 piles were installed with a Conmaco 65 (Conmaco, Belle Chasse, Louisiana) air hammer (rated maximum energy of 26.4 kNm). Prior to installation, sidemounted soil augers were used to auger 2-3 m at each pile location to avoid damage from the buried debris in the near-surface fill (Fig. S12 , Supplemental Appendix S2). The auger diameter was 0.24 m, and therefore the tapered pile would have expanded the augered cavity over the course of installation; however, the degree of improvement possible for those depths where preaugering was performed must necessarily be smaller than that below the depth of preaugering. The as-built layout of the drained and conventional piling is compared to the planned locations in Fig. S5 . The five test zones proceed from Zone 1 along the southern portion of the site to Zone 5 in the north (Fig. 1) . Zones 1 and 3 and 2 and 4 correspond to piles spaced at 5 and 3 diameters (D), respectively. The drained piles were installed within Zones 1 and 2 (i.e., Zone 5DPVD and 3DPVD, respectively). The proposed 2D spacing was altered in the field midway through the installation of Zone 5 because of the severe difficulty in driving that developed as a result of the magnitude of densification realized. Piles in Zone 5 consistently wandered and buckled in response to the driving stresses imposed and resistance encountered, as shown in the asbuilt pile head survey depicted in Fig. S5 . Thus, the zonal spacing was changed from 2D to 4D to improve the resolution of possible spacing effects (Fig. S5) .
Effect of Installation Sequence on Driving Resistance
The installation sequence of displacement piles governs their drivability in contractive soils owing to the densification that occurs upon the replacement of soil void volume with the volume of the piles. Fig. S6 and Table S1 provide the installation sequence and depth of installation for the test piles. An effort was made to correlate driving sequence to driving resistance and axial capacity (see Gianella 2015 for details) . Piles spaced at 3D in Zone 4 were driven in a continuous, consistent wave, with installation proceeding from the southwest to the northeast. The installation of piles in Zone 2 illustrated the effect of constructing an enclosure of piling followed by in-filling of the pile group. Piles 2-10 through 2-25 were installed first, then pile 2-1 at a spacing of 6D to the outer piles, and then piles 2-2 through 2-9 to complete the group, infilled at a spacing of 3 pile head diameters. Owing to the significant increase in penetration resistance, none of the inner piles of Zone 2 could be driven to the bearing layer elevation as a result of refusal or the onset of pile damage; the average depth for the toes of these (Fig. S6 ). These observations were associated with significant increases in cone and standard penetration resistances, described below, that associate the driving performance with soil densification.
CPT-Based Assessment of Ground Improvement
An in situ test program, summarized graphically in Fig. 4 , was executed after pile installation to evaluate the effect of spacing, elapsed time, and drainage on the amount of soil densification. Four cells (e.g., B2, B3, C2, and C3 in Zones 1 through 4) in the middle of each pile group were targeted for testing, assuming that the subsurface at these locations represented uniform levels of ground improvement, barring the effect of spatial variability of the soil and as-built pile position. Similarly, test cells E1, E2, F1, and F2 were assumed to represent the improvement for the 4D-spaced piles in Zone 5. Each of the cells was tested three times (except for the 2D-spaced pile group), indicated as points A, B, and C in Fig. 4(c) , with dimensions indicated in Fig. 4(d) . Point A was located at the midpoint of each cell and should indicate the minimum amount of densification possible; as such, it was always conducted first, so as to eliminate the potential for disturbance following testing at the other locations. Points B and C were closer to the piling and were intended to help understand the radial distribution of densification. Fig. 5 presents the comparison of the baseline corrected cone tip resistance, q t , to that measured at 10 and 255 days following pile installation for all of the treated zones at the A location [ Fig. 4(c) ; only the C location could be successfully pushed for Zone 5B at 255 days]. Immediately following installation, q t was observed to increase significantly in the soil between all of the pile groups; the measured q t approximately doubled for 5D-spaced piles, doubled to tripled for the 4D-spaced piles, tripled for 3D-spaced piles, and resulted in rig-push refusal for 2D-spaced piles. However, following approximately 8 months, the measured q t decreased within much of the treated depths in all of the treated soils. The reduction in q t is likely associated with the relaxation of horizontal stresses at constant relative density, similar to the reduction of horizontal stresses following compaction by roller-type equipment (e.g., Terzaghi et al. 1996) . Stress relaxation can be more pronounced in brittle, quartz materials that have experienced high strain rates and deviatoric stresses Lade 2010, 2013; Lade and Karimpour 2015) , such as those associated with the bearing stresses during driving of displacement piles. The magnitude of reduction in q t was similar for 4D-and 5D-spaced piles, but significantly less relaxation was observed in the 3D-and 2D-spaced piles.
Augering each pile location appeared to result in slightly reduced q t following pile installation, despite a net increase in the augured cavity diameter following installation. This confirms (Klohn 1963; Hagerty and Peck 1971) and/or unrestrained creep relaxation (Bowman and Soga 2005) that can occur in soil near the pile head owing to the low effective confining stresses at such shallow depths. Changes in q t appeared relatively insignificant below about 9.5 m for the 4D-and 5D-spaced piles, despite depth of the inner piles extending beyond 11.5 m or greater, on average, for the inner piles (Fig. 5) . These depths correspond to areas with increasing fines content followed by the transition to the sandy fat clay layer. However, an increase in q t below the average inner-pile toe depth, 11.1 m, of the 3D-spaced piles in Zone 4 was observed, indicating that the pile toe could have the ability to densify soils at least 1.5-2 pile toe diameters below it, consistent with near-pile observations reported by Plantema and Nolet (1957) and Meyerhof (1959) . This was not observed at the same depth for Zone 2, as these piles did not extend below 9.3 m depth, on average, because of refusal and damage.
In an alternative effort to quantify and compare the magnitude of ground improvement using the CPT data, the magnitude of q t was averaged over the effective depth of treatment in the potentially liquefiable soil thickness. The effective depth of treatment was set equal to the top of the layer of clean sand, at a depth of 2.2 m, to the average depth of the pile toe for the inner nine piles in the 5 × 5 piles groups. For Zone 5B, the average depth of the toes of all 4D-spaced piles was assumed to be representative for this comparison. Table 2 compares the pre-and post-treatment q t and the percent change in q t for 10 and 255 days following pile installation, whereas Fig. 6 compares the percent change to the Fig. 5 . Comparison of corrected cone tip resistance before and 10 and 255 days following pile installation, along with the fines content estimated using the site-specific FC correlation; the average depths of the inner nine piles are 12.1, 9.3, 11.7, 11.1, 10.6, and 11.5 m for Zones 1, 2, 3, 4, 5A, and 5B, respectively average area replacement ratio. The hypothesized relaxation in horizontal stresses over the 8 months separating the 10-and 255-day CPT measurements is clearly observed across all treatment zones (Table 2) . Pile groups spaced at four and five pile head diameters exhibited the lowest percent change in q t at 255 days, at about 20%. Zone 2 piles, equipped with PVDs, appeared to produce greater average post-installation change in q t than that observed at the same spacing (i.e., Zone 4), as well as that measured for 2D-spaced piles in Zone 5A (n.b., the as-built survey of piles for Zone 5A indicates that it may have been too chaotically improved to reliably assume uniform spacing). Fig. 6 suggests rough trends, assumed to initiate at the origin, that illustrate the long-term change in q t as a function of average a r , and suggests that definite relationships could be established after controlling for inherent soil variability (not done in this work) or pile driving sequence. Several CPTs were performed in each cell and at each time interval investigated; the various test locations within a given cell were presented in Fig. 4. Fig. 7 illustrates the effect of proximity of pile edge on q t for each treatment zone and at 255 days following pile installation. Although Fig. 7 indicates that test location C, closest to a given pile, occasionally exhibited larger q t , in many instances little difference in q t was observed at a given depth. Although a significant portion of the variation may be attributed to spatial variability of the clean and silty sands, it is also possible that CPTs pushed at location B were affected by the caving of the continuous vertical void at location A, and CPTs pushed at location C were affected by caving of voids A and B during operation of the tests. Designers of future post installation in situ test program may wish to limit testing to the midpoint between columns in a suitable, conservative effort for the assessment of the minimum magnitude of ground improvement achieved. Since it is difficult to attribute the relative contribution of improvement from the use of the PVDs versus the installation sequence, no firm conclusions regarding the effectiveness of the drains to promote densification can be made. 
SPT-Based Assessment of Ground Improvement
Standard penetration tests conducted within mud-rotary borings were performed at the center of each pile group (Figs. 1 and 4 ) in order to produce another assessment of the degree of ground improvement and to install piezometers to measure the blast-induced excess pore pressures not described herein. These borings were performed 292 days following pile installation and are most comparable temporally to the 255-day CPTs presented in Figs. 5 and 6 and Table 2. Fig. 8 indicates little improvement in the zone of preaugering, with increases in energy-corrected N 60 within the clean and silty sand layers. In general, the SPTs confirm previous observations from the CPTs, with the degree of improvement in N 60 increasing with decreasing pile spacing. Blow counts increased by approximately 2-10 for 4D-and 5D-spaced piles groups (Zones 1, 3, and 5B); 3-15 for the 3D-spaced pile groups; and 5-22 for 2D-spaced pile groups. No improvement in post-treatment N 60 within the fat clay layer was observed, similar to the observations in q t (Fig. 5) .
V s -Based Assessment of Ground Improvement Downhole, CPT-based shear wave velocity tests were conducted in each pile group before and after pile installation at the locations shown in Fig. 4 . Shear wave velocities were computed using the gradient of the corrected, vertical arrival time, rather than the inclined (or slant) arrival time, with depth below the ground surface. This approach provides improved estimates of V s over the slant time, interval velocity approach (B. R. Cox, personal communication, 2015) , and removed much of the scatter in V s noted by Gianella (2015) . Fig. 9 presents the results of the pre-and postimprovement geophysical survey, which indicates otherwise unexpected performance. Sharp reduction in V s of 100 m=s or more in the near surface are not surprising, since the heave of soil in response to pile installation would naturally lead to larger void ratios. However, V s reduced or otherwise did not change in deeper portions of the potentially liquefiable layer following treatment. In a study of similar beach sand deposits near Hollywood, South Carolina, Hossain et al. (2014) found that these sands exhibited stiffnesses larger than those of young, newly deposited sands, owing to their age. Studies by Mitchell and Solymar (1984) , Thomann and Hryciw (1992) , Narin Van Court and Mitchell (1995) , and Mahvelati et al. (2016) , among others, have shown that disturbances from ground improvement can result in the destruction of the soil fabric developed as a result of aging effects. The measured pre-installation V s was noted to be significantly greater than expected with available correlations, and confirmed the age reported for similar sands near Hollywood, South Carolina, by Andrus et al. (2009) . The post-installation V s measurements reported here suggest that although significant densification of the ground occurred, Fig. 8 . Comparison of energy-corrected SPT N 60 before and 292 days following timber pile installation the gain in small strain stiffness associated with densification was largely offset by the loss of stiffness associated with the destruction of the aged soil fabric. It is postulated that the age of the improved soil has been reset following pile installation , and that the V s could be expected to increase with time. These observations can have significant implication for those evaluating post-improvement, site-specific seismic site response analyses.
Summary and Conclusions
The evaluation of alternatives for the mitigation of liquefaction and its effects continue to present a high priority for geotechnical engineers tasked with limiting damage to civil infrastructure from destructive earthquakes. A full-scale field test program of driven timber displacement piles for the purpose of densification of loose, potentially liquefiable sands and silty sands was assessed in this study. Assessment of the pre-installation baseline conditions allowed for the development of a suitable benchmark against which to compare the performance of variously spaced conventional and experimental drained piles. Cone penetration tests indicated that the magnitude of increase in cone tip resistance increased with decreases in pile spacing (or area replacement ratio). These measurements also showed that reductions in cone tip penetration resistance with time are possible, and these reductions appear to manifest as a function of pile spacing. It was hypothesized that the measured reduction in penetration resistance over time may be attributed to a reduction in the horizontal stresses developed during pile toe penetration through the potentially liquefiable strata. Standard penetration tests confirmed the densification of the previously loose, contractive soils following pile installation. However, the postinstallation shear wave velocity decreased following pile installation as the previously aged soil fabric was effectively destroyed, resulting in a smaller shear wave velocity despite the reduction in void ratio or increase in density. Long-term measurements of shear wave velocity are required to assess whether the presumed increases in the small-strain stiffness of the improved ground are possible.
The assessment of the performance of the drained piles indicated that the prefabricated drains used appeared effective for close pile head spacing (i.e., 3D), but the driving sequence may have contributed to some of the observed post-installation in situ test results. Future studies are recommended to isolate the impact of drainage, well resistance, and discharge capacity on the reduction in driving-induced pore pressures. Although this paper focused specifically on timber piles, driven displacement piles of any material that can withstand driving stresses may be used to densify potentially liquefiable soil.
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Notation
The following symbols are used in this paper:
e max = maximum void ratio; e min = minimum void ratio; D = pile head diameter F = normalized sleeve resistance; FC = fines content; f s = sleeve friction stress; I c = soil behavior type index; N 60 = energy-corrected SPT N value; P a = atmospheric pressure; Q = normalized cone tip resistance; q c = measured cone tip resistance; q t = corrected cone tip resistance; V s = shear wave velocity; σ vo = total stress; and σ 0 vo = effective stress.
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